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Welcome to the NIH Symposium "RNA Biology 2015".

RNA biology has emerged as one of the most influential areas in modern biology and
biomedicine.

Groundbreaking progress has been made over the last few decades in elucidating the basic
mechanisms of RNA biogenesis and function. These efforts have in recent years been
complemented by technological breakthroughs to determine RNA structures and the
discovery of a wealth of, mostly unanticipated, new classes of RNAs, many still of unknown
functions. RNAs have also emerged as the basis for some of the most powerful tools and
technologies to manipulate biological functions and we have realized that RNA plays a role
in most physiological and pathological events and as such is a prime target for, yet largely
untapped, novel diagnostic, prognostic and therapeutic strategies.

Organized by the CCR Initiative in RNA Biology, this symposium brings together
international leaders in the field of RNA Biology to take a snapshot of the state of the field
and to explore the future of RNA biology. The symposium signals the NCI’s commitment to
the field of RNA biology and offers you an opportunity to learn more about the current status
of RNA biology in development and disease, share your research, network with leading
figures in the field, and to discuss the use and implications of these advances for clinical
applications.

Sincerely,

The CCR Initiative in RNA Biology Steering Committee
Center for Cancer Research

National Cancer Institute

Tom Misteli, Ph.D., Symposium Chair Jeff Strathern, Ph.D.

Susan Gottesman, Ph.D. Yun-Xing Wang, Ph.D.

Stephen Hughes, Ph.D. Zhi-Ming (Thomas) Zheng, M.D., Ph.D.
Javed Khan, M.D. Joseph Ziegelbauer, Ph.D.

Stuart Le Grice, Ph.D.
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8:45 am.

9:15 a.m.

9:45 a.m.

10:15 a.m.

SESSION 2:

10:30 a.m.

11:00 a.m.

11:30 a.m.

12:00 p.m.

SESSION 3:

1:15 p.m.

Registration opens

Welcome
Tom Misteli, Ph.D., National Cancer Institute

RNA BIOGENESIS
Chair: Tom Misteli, Ph.D., National Cancer Institute

“Single-molecule Imaging Reveals Switch Between Spurious and Functional ncRNA

Transcription”
Daniel Larson, Ph.D., National Cancer Institute

“Following Single Molecules of mRNA in Living Cells”
Robert Singer, Ph.D., Albert Einstein College of Medicine

“SINEs of Anarchy: How Alu Elements Alter mRNA Metabolism”
Lynne Maquat, Ph.D., University of Rochester Medical Center

Break

RNA PROCESSING
Chair: Shalini Oberdoerffer, Ph.D., National Cancer Institute

“Targeted Modulation of Alternative Splicing as a Therapeutic Strategy”
Adrian Krainer, Ph.D., Cold Spring Harbor Laboratory

“RNA Binding Proteins in EMT and Myotonic Dystrophy”
Christopher Burge, Ph.D., Massachusetts Institute of Technology

“mRNA Surveillance Starts on the Ribosome: Insights from Biochemistry and
Profiling”
Rachel Green, Ph.D., Howard Hughes Medical Institute and Johns Hopkins
University School of Medicine

LUNCH BREAK AND POSTER VIEWING

MicroRNAs
Chair: Joseph Ziegelbauer, Ph.D., National Cancer Institute

“MicroRNA-based Therapeutics”
Frank Slack, Ph.D., Harvard University



1:45 p.m.

2:15 p.m.

2:45 p.m.

SESSION 4:

3:00 p.m.

4:00 p.m.

6:00 p.m.

“The Many Faces of Base Pairing Small RNAs”
Gisela Storz, Ph.D., National Institute of Child Health and Human Development

“Prospects for Riboswitch and Ribozyme Discovery”
Ronald Breaker, Ph.D., Howard Hughes Medical Institute and Yale University

Break
NIH DIRECTOR'S WEDNESDAY AFTERNOON LECTURE SERIES

The Annual Margaret Pittman Lecture
“CRISPR-Cas Genome Surveillance: From Basic Biology to Transformative
Technology”
Jennifer Doudna, Ph.D., Howard Hughes Medical Institute and University of
California, Berkeley

POSTER SESSION WITH WALS RECEPTION

Adjourn

Thursday, March 12, 2015

SESSION 5:

8:30 a.m.

9:00 a.m.

9:30 a.m.

10:00 a.m.

SESSION 6:

10:15 a.m.

10:45 a.m.

NON-CODING RNAs
Chair: Ashish Lal, Ph.D., National Cancer Institute

“Epigenetic Genome Control by RNA Processing Factors and Heterochromatin
Machinery”
Shiv Grewal, Ph.D., National Cancer Institute

“Linking RNA to Cancer In Vivo”
John Rinn, Ph.D., Harvard University and the Broad Institute

“Genome Regulation by Long Non-coding RNAs”
Howard Chang, M.D., Ph.D., Howard Hughes Medical Institute and Stanford
University

Break

RNA STRUCTURE
Chair: Stuart Le Grice, Ph.D., National Cancer Institute

“Insights into the Structural Basis and Mechanism of HIV-1 Genome Packaging”
Mike Summers, Ph.D., University of Maryland, Baltimore County

“Structural Studies of Fluorescent RNA Mimics of GFP”
Adrian Ferré-D’Amaré, Ph.D., National Heart, Lung, and Blood Institute



SESSION 7: RNA IN DISEASE
Chair: Stuart Le Grice, Ph.D., National Cancer Institute

11:15 a.m. “Senescence Long Non-coding RNAs”
Myriam Gorospe, Ph.D., National Institute on Aging

11:45 am. “Regulation and Function of microRNAs in Physiology and Cancer”
Joshua Mendell, M.D., Ph.D., University of Texas Southwestern Medical Center

12:15p.m. LUNCH BREAK AND POSTER SESSION

SESSION 8: KEYNOTE ADDRESS
Chair: Jeffrey Strathern, Ph.D., National Cancer Institute

1:45 p.m. “The Origins and Functions of Non-coding RNAs”
Phillip Sharp, Ph.D., Massachusetts Institute of Technology

SESSION 9: RNA THERAPY
Chair: Jeffery Strathern, Ph.D., National Cancer Institute

2:45 p.m. “Therapeutic Targeting of microRNAs”
Sakari Kauppinen, M.Sc., Ph.D., Aalborg University

3:15 p.m. “Optimizing RNAi Chemistry and Formulation for the Treatment of
Neurodegenerative Disorders”

Anastasia Khvovora, Ph.D., University of Massachusetts Medical Center

3:45 p.m. “Developing RNAi Therapeutics for the Treatment of Rare Diseases”
Rachel Meyers, Ph.D., Alnylam Pharmaceuticals, Inc.

4:15 p.m. Adjourn
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SINGLE-MOLECULE IMAGING REVEALS SWITCH BETWEEN SPURIOUS AND
FUNCTIONAL ncRNA TRANSCRIPTION

Larson, D.

Laboratory of Receptor Biology and Gene Expression, Center for Cancer Research, NCI, NIH,
Bethesda, MD

Novel imaging techniques have made it possible to quantitatively measure gene expression in
living cells by directly observing fluorescently tagged RNA synthesis over time. Here, we use this
single-molecule technique to study transcription kinetics of the GAL 0 locus, which is regulated
by sugar availability. We show that transcription occurs in bursts of high activity followed by
periods of inactivity, each lasting several minutes. This stochastic, punctate behavior results in
‘noise’ in gene expression and is not visible in population studies, which instead give the
impression of a gradual response to sugar availability. To understand how bursts of GAL10
transcription are regulated, we focused on the role of a non-coding RNA produced from the
antisense strand. Genomic data indicates that eukaryotic genomes are ubiquitously transcribed,
but the function of these RNAs is largely unknown. To elucidate how antisense expression
controls GAL10 transcriptional dynamics, sense and antisense RNA are visualized simultaneously
using the MS2 and PP7 RNA labeling. We find that antisense RNA is only transiently present at
the locus when it is being transcribed and is not maintained on chromatin to recruit repressive
complexes or form R-loops. Furthermore, antisense transcription displays different behavior
during repression and activation, suggesting multiple roles for non-coding RNA, even at the same
locus.
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TRANSLATION OF SINGLE MOLECULES OF mRNA IN LIVING CELLS

Singer, R.H.

Department of Anatomy and Structural Biology and Gruss Lipper Biophotonics Center, Albert
Einstein College of Medicine, Bronx, NY and Janelia Research Campus of the HHMI, Ashburn,
VA

Imaging has been an essential tool to analyze the dynamic properties of RNA. New technologies
in optical microscopy and RNA tagging methods allowed us to detect and track individual mRNA
molecules in single living cells, yielding insights that could not have been obtained through any
ensemble measurement: measuring the time for transcription elongation, nuclear pore transport
and localization and degradation in the cytoplasm. We have been dedicated to developing and
implementing these technologies to further the understanding of dynamics of mRNA by
observing translational regulation of single mRNAs in living neural tissues of a transgenic mouse.
To study translation at the single molecule level, we have engineered an mRNA translation
reporter: the mRNAs are labeled by two fluorescent RNA binding proteins, one in the coding
region that is knocked off by ribosome transit. The kinetics of first round of translation now
tractable at the single molecule level in vivo.

Supported by NIH Grants to RH Singer and by the HHMI
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SINEs OF ANARCHY: HOW ALU ELEMENTS ALTER mRNA METABOLISM

Maquat, L.E.'?

'Department of Biochemistry & Biophysics, School of Medicine and Dentistry; “Center for RNA
Biology, University of Rochester, Rochester, NY

Staufenl-mediated mRNA decay (SMD), which occurs when translation terminates sufficiently
upstream of a STAU-binding site (SBS), is important to developmental and homeostatic
pathways’. An SBS can be created by intramolecular base-pairing within an mRNA 3'UTR or by
intermolecular base-pairing between a 3'UTR and one or more IncRNAs. Intermolecular base-
pairing in humans involves Alu elements®, which are a type of small interspersed repetitive
element (SINE), whereas intermolecular base-pairing in rodents involves B and identifier SINEs’.
Roles of STAUI dimerization® and the STAU1 paralog STAU2" in SMD will be discussed. A
mechanism by which mRNAs crosstalk in a way that involves direct mRNA—mRNA interactions
between 3'UTR Alu elements in each mRNA will be described, uncovering a new role for
mammalian-cell mRNAs®. This unexpected function, together with our discovering how STAU1
binding to inverted repeated 3'UTR Alu elements (IRA/us) competes with nuclear retention
mediated by p54™ binding to 3'UTR IRA/us and also the repression of cytoplasmic translation
mediated by PKR binding to 3'UTR IRAlus’, adds new layers of complexity to the network of
post-transcriptional interactions that regulate gene expression and involve ncRNA.

*Park E, Maquat LE (2013) WIRES RNA 4:423-35.

*Gong C, Maquat LE (2011) Nature 470: 284-8.

*Wang J, Gong C, Maquat LE (2013) Genes Dev 27: 793-804.

%Gleghorn ML, Gong C, Kielkopf CL, Maquat LE (2013) NSMB 20:515-24.

"Park E, Gleghorn ML, Maquat LE (2013) PNAS 110: 405-12.

8Gong, C., Tang, Y. and Maquat, L.E. (2013) NSMB 20:1214-20.

9Elbarbary, R., Li, W., Tian, B. and Maquat, L.E. (2013) Genes Dev 27:1495-1510.
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TARGETED MODULATION OF ALTERNATIVE SPLICING AS A THERAPEUTIC
STRATEGY

Krainer, A.R.

Cold Spring Harbor Laboratory, Cold Spring Harbor, NY

I will discuss targeted modulation of alternative splicing by antisense oligonucleotides (ASOs),
and its application to understand and treat CNS disease, focusing on spinal muscular atrophy
(SMA). SMA is a motor-neuron disease, caused by loss-of-function mutations in the Survival
motor neuron 1 (SMN1) gene. Patients retain one or more copies of the nearly identical, but
splicing-defective SMN2 gene. The small amount of full-length SMN expressed from SMN?2 is
essential for survival of SMA patients, but only partially compensates for the loss of SMNI.
Together with Isis Pharmaceuticals, we developed ISIS-SMNRx, an ASO complementary to a
region comprising a potent splicing silencer in intron 7. This ASO efficiently promotes SMN2
exon 7 inclusion and restores SMN protein levels in various tissues of SMA mouse models. I will
present our data comparing CNS versus systemic delivery of ISIS-SMNRXx in a severe SMA
mouse model. Unexpectedly, our results indicate that SMA is not motor-neuron cell-autonomous,
and suggest that correction of SMN2 splicing in peripheral tissues is necessary and perhaps
sufficient for phenotypic rescue, at least in the context of the mouse model. I will also review the
ongoing clinical trials of ISIS-SMNRXx.
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RNA BINDING PROTEINS IN EMT AND MYOTONIC DYSTROPHY

Katz, Y.', Wang, E.T. 2 and Burge, C.B.>*

"Broad Institute of MIT and Harvard; “Koch Institute for Integrative Cancer Research;
*Department of Biology, Massachusetts Institute of Technology, Cambridge MA

RNA binding proteins (RBPs) play important roles in pathogenesis of several major human
diseases, and may help to specify cell state. We are studying major families of RBPs including
the conserved Musashi (Msi) family, the CUGBPI, Elav-like family (CELF), and Muscleblind-
like (MBNL) family, and their roles in cell state transitions and disease. Msi proteins are
expressed in stem/progenitor and cancer cells, but not in most differentiated cells, consistent with
arole in cell state control. We have found that Msi genes are rarely mutated but frequently
overexpressed in human cancers and are associated with an epithelial-luminal cell state. By
analyses of the transcriptome and translatome of normal and Msi-depleted cells, we found that
Msi proteins regulate translation of genes implicated in epithelial cell biology and epithelial-to-
mesenchymal transition (EMT), and promote an epithelial splicing pattern. Overexpression of
Msi proteins inhibited the translation of Jagged], a factor required for EMT, and repressed EMT
in cell culture and in mammary gland in vivo. Knockdown of Msis in epithelial cancer cells
promoted loss of epithelial identity. Our results show that mammalian Msi proteins contribute to
an epithelial gene expression program in neural and mammary cell types. RBPs of the CELF and
MBNL families contribute to heart and skeletal muscle development and are implicated in
myotonic dystrophy (DM), in which RNAs containing expanded CUG repeats accumulate,
leading to sequestration of MBNL proteins and overexpression of CELF proteins. To understand
genome-wide functions of these factors, we analyzed transcriptome dynamics following induction
of CELF'I or CELF?2 in adult mouse heart and of CELF'] in muscle by RNA-seq, complemented
by crosslinking/immunoprecipitation-sequencing (CLIP-seq) analysis of mouse cells and tissues
to distinguish direct from indirect regulatory targets. We identified hundreds of mRNAs bound in
their 3' UTRs by both CELF1 and by the developmentally-induced MBNL1 protein, a 3-fold
greater overlap in target messages than expected, including messages involved in development
and cell differentiation. The extent of 3' UTR binding by CELF1 and MBNL1 predicted the
degree of mRNA repression or stabilization, respectively, following CELF1 induction. However,
CELF1’s RNA binding specificity in vitro was not detectably altered by coincubation with
recombinant MBNLI1. These findings support a model in which CELF and MBNL proteins bind
independently to mRNAs but functionally compete to specify downregulation or
localization/stabilization, respectively, of hundreds of mRNA targets.

Expression of many alternative 3' UTR isoforms was altered following CELF1 induction, with 3'
UTR binding associated with downregulation of isoform and gene. The splicing of hundreds of
alternative exons was oppositely regulated by these proteins, confirming an additional layer of
regulatory antagonism previously observed in a handful of cases. The regulatory relationships
between CELFs and MBNLs in control of both mRNA abundance and splicing appear to have
evolved to enhance developmental transitions in major classes of heart and muscle genes. This
extensive antagonism may exacerbate misregulation of gene and mRNA isoform expression in
DM.
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MECHANISMS OF mRNA SURVEILLANCE DEFINED BY RIBOSOME PROFILING
AND BIOCHEMISTRY

Guydosh, N., Smith-Koutmos, K. and Green, R.

HHMLI, Johns Hopkins University School of Medicine, Baltimore, MD

There are several mRNA surveillance pathways in eukaryotes that moderate the effects of natural
errors in the cell and more broadly regulate gene expression. We have previously defined
biochemical parameters of the factors Dom34, Hbs1 and Rlil and their role on the ribosome in
quality control system using our previously developed in vitro reconstituted yeast translation
system. We are now beginning to define how poly-basic sequences lead to pausing during
translation using in vitro reconstituted translation systems from E. coli and yeast. We also are
conducting a broad analysis of the in vivo targets of mRNA surveillance (including NGD, NSD
and NMD) using reporter constructs and genome wide ribosome profiling in yeast. The results
from these approaches will be presented.
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microRNA-BASED THERAPEUTICS IN CANCER
Slack, F.J.
Department of Pathology, BIDMC/Harvard Medical School, Boston, MA

MicroRNAs are small non-coding RNAs that regulate gene expression to control important
aspects of development and metabolism such as cell differentiation, apoptosis and lifespan. let-7
and miR-34 are microRNAs implicated in human cancer. Specifically, human /e#-7 and miR-34
are poorly expressed or deleted in lung cancer, and over-expression of let-7 or miR-34 in lung
cancer cells inhibits their growth, demonstrating a role for these miRNAs as tumor suppressors in
lung tissue. /et-7 and miR-34 regulate the expression of important oncogenes implicated in lung
cancer, suggesting a mechanism for their involvement in cancer. We are focused on the role of
these genes and other oncomiRs in regulating proto-oncogene expression during development and
cancer, and on using miRNAs to suppress tumorigenesis.
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THE MANY FACES OF BASE PAIRING SMALL RNAs

Updegrove, T.B.!, Thomason, M.K.", Zhang A.', Schu, D.J.%, Gottesman, S.?, and Storz, G.'
'Cell Biology and Metabolism Program, NICHD, NIH, Bethesda, MD; 2Laboratory of Molecular
Biology, Center for Cancer Research, NCI, NIH, Bethesda, MD

Small RNAs (sRNAs) that base pair with one or more target mRNAs to regulate their translation
and stability are critical to multiple stress responses in bacteria. In E. coli and many other
organisms, Hfq, a ring-shaped homohexamer, is required to facilitate the limited base pairing
between the SRNAs and their targets. For many years, Hfg-binding SRNAs were considered to be
relatively similar, but a number of recent observations suggest that this is not the case and that the
categorization of SRNAs is becoming increasingly difficult. First, Hfq has at least two distinct
ways in which it interacts with sSRNAs; these different binding properties have strong effects on
the stability of the SRNA, the sequence requirements of regulated mRNAs and may correlate with
different cellular roles with Class I sSRNAs acting as emergency responders and Class II sSRNAs
acting as silencers. Second, it can no longer be assumed that base pairing SRNAs act solely by
this one mechanism. While the McaS RNA of Escherichia coli base pairs with the mRNAs
encoding master transcription regulators of curli and flagella synthesis, the small RNA activates
synthesis of an exopolysaccharide by binding and titrating the global RNA-binding protein CsrA
away from the mRNA encoding the biosynthetic enzymes. Third, while all initial focus was on
sRNAs encoded in intergenic regions, more and more SRNA derived from the 3’ end of protein
coding genes are being discovered. The MicL RNA, which base pairs with the mRNA encoding
the most abundant protein in the cell, is transcribed from a promoter located within the coding
sequence of the cutC gene, and the copper sensitivity phenotype previously ascribed to
inactivation of the cutC gene is actually derived from the loss of MicL. This raises the possibility
that other phenotypes currently attributed to protein defects are due to deficiencies in
unappreciated SRNAs.
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PROSPECTS FOR RIBOSWITCH AND RIBOZYME DISCOVERY
Breaker, R.
Department of Molecular, Cellular and Developmental Biology, Yale University, New Haven, CT

With the emergence of large genomic seq